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Background: Protein glutaminase (PG) catalyzes deamination of Gln residues in proteins.
Results: The structures of mature and pro forms and a pro form mutant reveal that the side chain of Gln-47 of mutant A47Q

mimics the protein substrate of PG.

Conclusion: GIn-47 of A47Q forms an S-acyl covalent intermediate with the catalytic Cys.
Significance: PG shares a common catalytic mechanism with transglutaminase and cysteine protease.

Protein glutaminase, which converts a protein glutamine res-
idue to a glutamate residue, is expected to be useful as a new
food-processing enzyme. The crystal structures of the mature
and pro forms of the enzyme were refined at 1.15 and 1.73 A
resolution, respectively. The overall structure of the mature
enzyme has a weak homology to the core domain of human
transglutaminase-2. The catalytic triad (Cys-His-Asp) common
to transglutaminases and cysteine proteases is located in the
bottom of the active site pocket. The structure of the recombi-
nant pro form shows that a short loop between S2 and S3 in the
proregion covers and interacts with the active site of the mature
region, mimicking the protein substrate of the enzyme. Ala-47 is
located just above the pocket of the active site. Two mutant
structures (A47Q-1 and A47Q-2) refined at 1.5 A resolution
were found to correspond to the enzyme-substrate complex and
an S-acyl intermediate. Based on these structures, the catalytic
mechanism of protein glutaminase is proposed.

Protein glutaminase (PG? EC 3.5.1.44) can deamidate gluta-
mine residues in proteins to glutamate residues, but not aspar-
agine residues or free glutamines. The enzyme was discovered
in culture supernatant from Chryseobacterium proteolyticum
strain 9670 and purified by Yamaguchi and Yokoe (1). It was
cloned and expressed in Escherichia coli (2) and investigated for
its reactivity with substrate proteins such as a- and B-caseins
and gluten (3), zein (4), and gliadin and «- and B-lactalbumins
(5), including proteins exhibiting low solubility in aqueous
solutions (6), to improve the quality of these food proteins. One
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of the potential applications of PG is to reduce the allergenicity
of food proteins. The sequence Gln-Gln-Gln-Pro-Pro is consid-
ered the primary candidate for the IgE-binding epitope in
wheat gluten (7). By reacting with PG, wheat glutens lose their
allergenicity toward patients’ sera in proportion to the degree of
deamidation (4). PG was also demonstrated to be non-patho-
genic and non-mutagenic (8).

Deamidation of proteins can improve their solubility, emul-
sifying activity, foaming activity, and other functional proper-
ties by increasing the number of negative charges and changing
the overall structure (9). The chemical methods for protein
deamidation, which include acid treatment, anion-catalyzed
deamidation, dry heating under alkaline conditions, and ther-
mal treatment, all cause collateral peptide bond cleavages (10,
11). Because of its selectivity and mildness, enzymatic protein
deamidation is regarded in the food protein industry as a prom-
ising method to improve protein functionality (12). Although
peptide glutaminase has been identified as an enzyme that
deamidates short peptides, it had little activity against proteins
(13, 14). PG can deamidate a wide range of substrates from
peptides to proteins with low solubility.

Transglutaminase (TG), which is an important food-modify-
ing enzyme, can also deamidate proteins in addition to catalyz-
ing protein cross-linking with amine incorporation (15). TG
catalyzes acyl transfer reactions in which the y-carboxamide
group of peptide-bound glutamine residues acts as the acyl
donor and the e-amino group of lysine residues acts as the acyl
accepter. It deamidates proteins only in the absence of the acyl
accepter.

Mature PG is a monomer enzyme consisting of 185 amino
acid residues with a calculated molecular weight of 19,861 and
is expressed as a non-active proprotein with a putative signal
peptide of 21 amino acids and a prosequence of 114 amino
acids. The amino acid sequence of the mature form has no
obvious homology to any published sequence. No amino acid
sequence motifs or domains defined in PROSITE were found
(2). The solution structure of PG determined by NMR has
reported recently (16).
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Catalytic Mechanism of Protein Glutaminase

Here, the high resolution structures of mature PG and
pro-PG were determined by x-ray crystallography. The enzyme
reaction intermediates were trapped by mutation of pro-PG
Ala-47, which is located just above the catalytic site. We discuss
the catalytic mechanism and substrate specificity of this
enzyme based on these structures of mutant pro-PG.

EXPERIMENTAL PROCEDURES

Preparation of Mature PG—The expression and purification
of mature PG from C. proteolyticum were performed as
described previously (2).

Construction of the Pro-PG Expression System—An expres-
sion system for pro-PG was constructed in E. coli cells as fol-
lows. To introduce the insert C. proteolyticum prgA gene into
the pET20b vector (Novagen), PCR was performed using KOD
-Plus- polymerase (Toyobo) with previously manufactured (1)
pBluescript vector (Stratagene) including the prgA gene as the
template and two synthetic oligonucleotides as primers: cgtg-
catATGGATTCCAACCGGGAATCAGG  and  ctcgete-
gagAAATCCACAGCTGGATACAT (with the Ndel and Xhol
sites underlined, respectively). The amplified pro-PG gene frag-
ment was digested with Ndel and Xhol and then ligated with
Ndel- and Xhol-digested pET20b. The accuracy of the gene
amplification and cloning was confirmed by DNA sequencing.
The resultant plasmid containing the gene for pro-PG and a
C-terminal His, tag was designated pET20b-prgA. pET20b-
prgA was transformed into E. coli BL21(DE3) (Novagen) as a
host cell for overexpression.

Site-directed Mutagenesis—Ala-47 was replaced with gluta-
mine using a QuikChange site-directed mutagenesis kit
(Stratagene) with pET20b-prgA as the template. The primers
used were 5-ATGTTAACTCAGCAATTCTAT-3" and
5-ATAGAATTGCTGAGTTAACAT-3'. E. coli BL21(DE3)
cells were transformed with the mutant plasmid; the mutation
was confirmed by DNA sequencing.

Expression, Processing, and Purification of Pro-PG—Wild-
type pro-PG and the A47Q mutant were overexpressed in the
cytoplasm of E. coli BL21(DE3) cells with a C-terminal His, tag.
For expression in E. coli, cells were aerobically cultured at 37 °C
in LB medium supplemented with ampicillin (0.1 mg/ml).
When the turbidity reached ~0.5 at 600 nm, isopropyl 3-D-
thiogalactopyranoside (1 mm) was added to the culture, and the
cells were further cultured at 20 °C for 18 h. The cultured cells
were collected by centrifugation at 6000 X g for 15 min at 4 °C
and washed with buffer containing 20 mm sodium phosphate,
10 mm imidazole, 0.5 M sodium chloride (pH 6.1). Cells were
then resuspended in the same buffer and ultrasonically dis-
rupted at 0 °C for 20 min at 9 kHz. The clear solution obtained
after centrifugation at 15,000 X g for 20 min at 4 °C was used as
the cell extract. The cell extracts were purified by nickel-immo-
bilized metal affinity chromatography (Invitrogen) and eluted
with 20 mm sodium phosphate and 0.3 M imidazole (pH 7.3).

Crystallization—Crystals of mature PG were grown by the
hanging drop vapor diffusion method by mixing 5 ul of 34.0
mg/ml mature PG dissolved in 20 mm NaHEPES (pH 7.0) with
5 ul of reservoir solution (1 ml) composed of 1.2 M ammonium
dihydrogen phosphate and 0.1 M sodium citrate (pH 5.6). Crys-
tallization of pro-PG was performed by the sitting drop vapor
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diffusion method by mixing 2 ul of 20 mg/ml pro-PG dissolved
in 20 mm NaHEPES (pH 6.5) with 2 ul of reservoir solution (0.7
ml) composed of 0.2 M ammonium citrate (pH 5.1) and 20%
(w/v) PEG-3350. Crystallization of the A47Q mutant was car-
ried out by the hanging drop vapor diffusion method in two
ways. A47Q-1 was crystallized by mixing 5 ul of 20 mg/ml
A47Qdissolved in 20 mM ammonium tartrate (pH 6.7) with 5 ul
of reservoir solution (0.7 ml) composed of 0.2 M ammonium
tartrate (pH 6.7) and 20% PEG-3350. A47Q-2 was crystallized
by mixing 5 ul of 20 mg/ml A47Q dissolved in 20 mm sodium
phosphate (pH 6.0) with 5 ul of reservoir solution (0.7 ml) com-
posed of 0.2 M sodium tartrate (pH 8.6) and 20% (w/v) PEG-
3350. All crystals were grown at 20 °C.

For phasing of mature PG, the crystal of mature PG was
soaked in 2 mm Na[AuCl,] dissolved in reservoir solution for 10
min at 20 °C. Flash cooling was carried out in a nitrogen gas
stream at 100 K after brief soaking of the crystals in 30% glycerol
(mature PG and gold derivative) or 20% 2-methyl-2,4-pen-
tanediol (pro-PG and A47Q). These crystals were stored in liq-
uid nitrogen after a diffraction check with an in-house Bruker
HI-STAR detector system.

Data Collection—All x-ray diffraction data were collected at
100 K under a nitrogen gas stream at beamline BL38B1 of the
synchrotron facility SPring-8 (Hyogo, Japan) with approval
from the Japan Synchrotron Radiation Research Institute
(JASRI). All data were processed with the HKL2000 software
package (17).

Structure Determination and Refinement—The gold sites
were located with SHELXD (18), and single-wavelength anom-
alous diffraction phases to 3.0 A resolution were calculated with
SHELXE (19) using the data collected at the x-ray wavelength
(1.0 A) corresponding to the peak of the x-ray fluorescence
spectrum. Two gold atom sites in the asymmetric unit were
found. The improvement of the initial phases and peptide frag-
ment modeling were performed using RESOLVE (20). The ini-
tial model was built manually with WinCoot (21) and refined
with REFMACS5 from the CCP4 package (22). After repeated
model rebuilding and refinement, the final model was refined
using SHELXL (23) at 1.15 A resolution. The B-anisotropy and
hydrogen atoms except for the hydroxyl hydrogens of Tyr, Ser,
and Thr were incorporated into the model. Finally, R
dropped to 0.0967 for all 72,390 data, and R;,,. dropped to
0.1367 for all 3817 data. The estimated standard deviation plot
was calculated using SHELXPRO (24).

The structure of pro-PG was determined by molecular
replacement with PHASER (25) using the refined mature PG
structure as the search model. The structures of pro-PG and its
mutant were built with WinCoot and further refined with REF-
MACS5 and PHENIX (26). The structures of the two pro-PG
mutants (A47Q-1 and A47Q-2) were refined with B-anisot-
ropy. The statistics of the data collection and refinement are
shown in Table 1. The secondary structure was assigned by
DSSP (27). Superposition of structures was carried out by SSM
Superpose implemented in WinCoot (28).

Amino Acid Sequencing—The N-terminal protein sequence
of mature PG was analyzed by Edman degradation in a pulsed
liquid phase protein sequencer (PROCISE 492, Applied Biosys-
tems) after blotting 5.1 nmol of PG onto a polyvinylidene diflu-
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FIGURE 1. Overall structures of the mature PG molecule. A and B, ribbon diagrams drawn in left and right stereo from different directions. S-S bonds are
drawn as yellow sticks with labeled residue numbers. The putative catalytic residue, Cys-156, is drawn as a red stick. These images were drawn using PyMOL
Version 0.99. C, topology diagram of the secondary structures of mature PG and pro-PG. Boxes and arrows represent a-helices and B-strands, respectively. D,
amino acid sequences of mature PG and pro-PG with assigned secondary structure elements. The first 114 residues in yellow belong to the proregion. a-Helices

and B-strands are colored in red and blue, respectively.

oride membrane (ProSorb, Applied Biosystems). The amino
acid sequences determined by the protein sequencer were com-
pared with the protein sequences of PG in the NCBI Protein
Database (BAB21508).

RESULTS

Structures Determined—W e obtained four crystal structures
of mature PG, pro-PG, and pro-PG mutants A47Q-1 and
A47Q-2. The crystal structure of mature PG was determined by
single-wavelength anomalous diffraction using a gold deriva-
tive and refined at 1.15 A resolution. The crystal structures of
pro-PG and its two mutants (A47Q-1 at pH 6.7 and A47Q-2 at

38694 JOURNAL OF BIOLOGICAL CHEMISTRY

pH 8.7) were refined at 1.73, 1.50, and 1.50 A resolution, respec-
tively. The data collection and refinement statistics are shown
in Table 1.

The mature PG model is composed of 185 amino acid resi-
dues, 448 water molecules, one glycerol molecule, and one
sodium ion. A Ramachandran plot analysis by PROCHECK (29)
revealed that 91.4% of the residues are in the most favored
regions and 8.6% in additionally allowed regions; there are no
non-glycine residues in the disallowed regions. The estimated
standard deviation plot of the final model shows that the abso-
lute positional error is <0.04 A in the most ordered region (B <
10 A?) and <0.16 A in the rest of the molecule (B < 60 A2).

VOLUME 286+NUMBER 44-NOVEMBER 4, 2011
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FIGURE 2. Active cleft and pocket of mature PG. A and B, molecular surface models of PG drawn from different directions. The molecular surface is colored
according to the amino acid residues: aromatic in yellow, hydrophobic in green, basic in blue, acidic in magenta, and Cys-156 in red. A is viewed from the same
orientation as in Fig. 1B. The bound glycerol is colored green in B. The active pocket is indicated by arrows. These images were drawn using GRASP (40). C,
stereoview of the active site of mature PG. The Four water molecules are indicated by red balls. Hydrogen bonds are designated as dashed yellow lines. This

image was drawn using PyMOL.

Thus, we can discuss the precise features of the hydrogen bonds
in the active site of mature PG usually within 0.1 A deviation.

The asymmetric unit of crystals of pro-PG, A47Q-1, and
A47Q-2 contains two monomers of 282, 280, and 280 amino
acid residues with 722, 907, and 838 water molecules, respec-
tively. Two citric acids are found in the pro-PG crystal. N-ter-
minal residues 1-17 in pro-PG and 1-19 in the mutants are
invisible because of disorder. Ramachandran plot analyses
show that 92.7-92.8% of the residues are in the most favored
regions, 6.7-6.8% in additionally allowed regions, and 0.4%
(one residue/chain) in disallowed regions. This sole exception
at Leu-45 is described below.

Overall Structure of Mature PG—The structure of mature PG
(residues 115-299) is composed of a central four-stranded
antiparallel B-sheet (S6 —S9) with four a-helices (H3-H6) and a
two-stranded antiparallel 3-sheet (S10-S11) that surrounds the
central sheet (Fig. 1). The amino acid residue positions and the
secondary structure elements are designated in common with
pro-PG so that the N terminus of mature PG starts at residue
115 and the element from H3 (residues 122-133) (Fig. 1, B and

ACEEVON
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D). The structure of mature PG is stabilized by four disulfide
bonds of 11 cysteine residues (positions 137-146, 190286,
191-240, and 275-297). The active site cleft is formed on one
side of the central B-sheet together with H4, H6, and the other
B-sheet. One glycerol molecule is found on this cleft.

A structural similarity search using the VAST server (30)
suggested that PG does not belong to any reported superfami-
lies. The highest VAST structure similarity score is 8.4 with
TG2 from Homo sapiens (Protein Data Bank code 2Q3Z) (31).
This can be inferred from the similarity of their catalytic reac-
tions, and the similarity is restricted only around the active
center. The root mean square deviation is 1.21 A for 62 Ca
atoms, including only H4 and S7 of PG.

Active Cleft of PG—One shallow cleft (25 X 5 A) is located on
the protein surface surrounded by S6, S7, S10, S11, H4, H6, and
loop 290-299 as shown in Fig. 1 (A and B). PG has several
aromatic or hydrophobic amino acid residues (yellow and green
in Fig. 2, A and B) on this cleft. In particular, five aromatic
residues, Tyr-157, Tyr-196, Tyr-256, Tyr-257, and Phe-299,
cover half of the cleft (Fig. 2B). In the other half of this cleft,

JOURNAL OF BIOLOGICAL CHEMISTRY 38695
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there is one narrow pocket (4 X 4 X 6 A) surrounded by S7, H4,
and a loop before H4, which is connected to Cys-156 and His-
197 in the bottom of the pocket indicated by the arrow in Fig.
2A. Thus, the cleft is divided into two parts: half of the aromatic
region and the rest of the half of the catalytic pocket.

One glycerol molecule, which had been added as cryopro-
tectant, was found to bind to the aromatic surface of the cleft of
PG (Fig. 2, B and C). This glycerol forms C—C contacts with
Asn-272, Leu-265, Phe-299, Tyr-157, Tyr-256, and Tyr-257,
making a hydrogen bond with Tyr-196 (O1 ... On of Tyr-196;
2.66 A with an estimated deviation of 0.12 A). The binding of
glycerol suggests that this aromatic region is important for
interaction with the protein substrate. The ability of PG to cat-
alyze protein substrates with little solubility may be attributed
to this aromatic region.

Catalytic Pocket—The putative catalytic residues of PG are
Cys-156, His-197, and Asp-217 (Fig. 2C). This triad (Cys-His-
Asp) is conserved in transglutaminases such as TG factor XIII
(32, 33), human TG2 (31), and fish transglutaminase (34). A
similar triad (Cys-His-Asn) is also shared by some cysteine pro-
teases such as papain (35) and actinidin (36).

The present high resolution structure of mature PG reveals
the precise conformation of the active site, which is shown in
Fig. 2C. The side chain of Asp-217 is situated at a position
where it can form hydrogen bonds with a water molecule (W3),
His-197 Ne¢, Trp-231 Ng, Ser-219 Ov, and Ser-219 nitrogen
(supplemental Table S1). This indicates that the position of
Asp-217 is strictly fixed in the active site. On the other hand,
His-197 and Arg-159 form hydrogen bonds with W1 and W2,
respectively. W1 and W2 form hydrogen bonds with each other
(supplemental Table S1). These water molecules are situated
3.06 and 4.08 A from Cys-156 Sy, respectively, and are sug-
gested to be involved in the enzyme reaction as described
below.

There was a small spherical electron density in the vicinity of
Cys-156 Sy (2.17 A apart), which is tentatively assigned to be a
sodium ion (Fig. 2C). It is also within the ligand distance from
W1 (supplemental Table S1). Although there has been no
report on the metal-bound form of the active cysteine residue in
transglutaminases, the presence of this metal ion represents the
deprotonated thiol ion of Cys-156 in PG. The distances of Cys-
156 Sy from His-197 N81 and Arg-159 Nm2 are 3.82 and 5.48 A,
respectively. This suggests that the positive charges of His-197
and Arg-159 decrease the pK, of Cys-156 to 3.9 as calculated
using PROPKA (37) and increase its nucleophilic reactivity.

Self-deamidation—A previous study of PG suggested that
some Gln residues were self-deamidated to Glu residues (2).
The present 1.15 A resolution model demonstrates that Gln-
135 is converted to Glu based on the electron density maps (Fig.
3A). The direct amino acid sequencing also demonstrated that
part of Gln-131 (cycle 17) and most of Gln-135 (cycle 21) have
been converted to Glu (Fig. 3B). In the crystal structure of PG,
both residues are located on the surface of the enzyme and thus
may be easily self-deamidated.

Structure of Pro-PG—The overall structure of pro-PG shows
that there is no noteworthy difference between the mature
region of pro-PG and the mature PG structure (Fig. 4). The
proregion is folded to form two helices (H1 and H2) and two
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FIGURE 3. Self-deamidation of mature PG. A, comparison of the electron
density maps at 1.15 A resolution modeled as Glu (panel a) and GIn (panel b)
for residue 135. The o levels of the |F,| — |F.| maps are 3.0 (green) and —3.0
(red), respectively, and that of the 2|F,| — |F_| map is 1.2 (cyan). These images
were drawn using MOLSCRIPT (41), BOBSCRIPT (42), and Raster3D (43). B,
graph of the results of N-terminal sequencing of mature PG. The straight line
shows the theoretical yield calculated with a repetitive yield of 0.978. The
detected Glu and GIn residues are plotted with open and closed circles for
GIn-131 (cycle 17) and GIn-135 (cycle 21), respectively.

three-stranded antiparallel B-sheets (S1/S5/S4 and S1/S2/S3)
connected by long S1 and H1 located between S3 and S4. After
S4, H2 and a long C-terminal loop continue to the N terminus
of mature region at residue 115 (Fig. 1, Band C). The proregion
belongs to the superfamily of bacterial enterotoxins based on
the results of the VAST search. Heat-labile enterotoxin type IIb
(Protein Data Bank code 1QB5) has the highest homology with
a root mean square deviation of 1.77 A for 76 residues from
positions 19 to 94 of pro-PG.

The proregion interacts with the mature region through sev-
eral hydrogen bonds and many van der Waals contacts (supple-
mental Table S2). The solvent-accessible surface area of 1216
A?is buried by the interface between the proregion and mature
region, which reaches 14.1% of the accessible surface of mature
PG. The major contacts occur in the loop between S2 and S3
(residues 45—48) and the C-terminal loop (residues 105-111)
of the proregion. It is especially remarkable that residues 45— 49
cover and interact with the active site of mature PG. As shown
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FIGURE 4. Structure of recombinant pro-PG. A, overall structure of pro-PG. The mature region is shown in gray, and the proregion is shown in rainbow colors.
Cys-156 and Ala-47 are drawn as sticks. B, superposition of pro-PG (shown in purple) and mature PG (shown in green) drawn by Ca lines. C, interaction between
the active site (gray) and a short loop between S2 and S3 in the proregion (cyan) drawn by stereo view. The hydrogen bonds are designated by dashed yellow

lines. These images were drawn using PyMOL.

in Fig. 4C and supplemental Table S2, Leu-45 oxygen, Ala-47
nitrogen, and Ala-47 oxygen form hydrogen bonds with Tyr-
196 Om, Asp-154 Oe€2, and Ser-195 nitrogen, respectively. The
side chain atoms of Thr-46 Oy and GIn-48 Oe also form hydro-
gen bonds with Asp-154 O81 and Ala-291 nitrogen, respec-
tively. Additionally, Phe-49 nitrogen makes a water-mediated
hydrogen bond with Ala-193 oxygen. A Ramachandran plot
analysis shows that Leu-45 in the loop is in disallowed regions
(¢pand Y = 72.8°and —59.7°). This distortion may be attributed
to formation of a hydrogen bond between Leu-45 oxygen and
Tyr-196 On. The position of glycerol found in mature PG is
occupied by Leu-45. These results indicate that at least three or
four residues with a near-extended form of substrate protein
can be recognized by PG.

asEve\
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The side chain of Ala-47 is located in the entrance of the
catalytic pocket, indicating that this proregion loop mimics a
substrate protein bound to PG. Therefore, we substituted
Ala-47 with a true substrate, glutamine, by site-directed
mutagenesis.

Structures of A47Q-1 and A47Q-2—As a result of the crystal-
lization screening of A47Q, two different structures of Gln-47
were obtained in different pH solutions and named A47Q-1
(pH 6.7) and A47Q-2 (pH 8.6).

The structure model of A47Q-1 shows that the side chain of
GIn-47 is inserted in the catalytic pocket just like a substrate
(Fig. 5A). The position of GIn-47 is fixed by the hydrogen bonds
formed between GIn-47 nitrogen and Asp-154 O&2 and
between GIn-47 oxygen and Ser-195 nitrogen, as is the case for
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FIGURE 5. Structures of A47Q mutants of pro-PG. The active sites of A47Q-1 (A) and A47Q-2 (B) are drawn in stereo view. The |F,| — |F | omit maps calculated
after changing their GIn-47 to Ala are shown in yellow mesh at 3.50. C, stereoview of the density of A47Q-2 with the 2|F | — |F.| map of GIn-47 and Cys-156 shown

in gray mesh at 1.20. These images were drawn using PyMOL.

pro-PG. The side chain of Gln-47 is surrounded by the side
chains of Cys-156, Trp-194, Tyr-196, His-197, Gly-155, and
Asp-154. The distance between GIn-47 Cé and Cys-156 Sy is
within the sum of van der Waals radii (3.0 A). The distances
from GIn-47 Ne to Trp-194 C§, Tyr-196 oxygen, and His-197
N&1 are 3.3,2.9,and 3.2 A, respectively, and those from Gln-47
Oe to Cys-156 nitrogen and Gly-155 nitrogen are 3.1 and 3.4 A,
respectively. The last two main chain nitrogen atoms form a

38698 JOURNAL OF BIOLOGICAL CHEMISTRY

oxyanion hole that stabilizes the tetrahedral intermediate, as
found in serine and cysteine proteases. Thus, the A47Q-1 struc-
ture shows a strict fitness of the glutamine residue to the PG
catalytic pocket just like the peptide main chain binds to cys-
teine proteases. The possibility that residue 47 of A47Q-1 is not
GIn but Glu was examined by refinement after conversion,
which showed that Gln is more suitable as judged by the |F,| —
|F.| maps.

asEve\
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FIGURE 6. A, stereoview of the superposition of A47Q-1 and A47Q-2 colored in pink and green, respectively. Water molecules are represented as pink balls
(A47Q-1) and red balls (A47Q-2). B, stereoview of the superposition of the active site of A47Q-2 (colored in green) with that of TG2 (Protein Data Bank code 2Q3Z;
colored in gray). Cys-156 —His-197-Asp-217 of PG (green) corresponds to Cys-277-His-335-Asp-358 of TG2 (blue). These images were drawn using PyMOL.

The structure model of A47Q-2 is the same as that of A47Q-1
except for the deamidated Gln-47 residue (Fig. 5, Band C). The
distance between Cys-156 Sy and Gln-47 C8 is 1.89 A, so close
that they nearly form a covalent bond (Fig. 5C). This A47Q-2
structure corresponds to the S-acyl intermediate formed after
ammonia leaves the side chain of GIn-47. The superposition of
A47Q-2 with A47Q-1 (Fig. 6A) shows that two water molecules
(W1 and W2) found in mature PG exist also in the structure of
A47Q-2. W1 is close to GIn-47 C8 (2.62 A) and makes a hydro-
gen bond with His-197 N&1 (2.81 A) and Cys-156 Sy (3.29 A). In
the structure of A47Q-1, W1 is replaced with Gln-47 Ne. W1
and W2 make hydrogen bonds with each other with distance of
3.0 A. The side chain of GIn-47 in A47Q-2 rotates around Y,
(—20°) and x5 (50.5°) from A47Q-1 to form the covalent inter-
mediate. It is remarkable that the position of Gln-47 Oel is
close to that of the presumed sodium ion found in mature PG
(0.5 A).

NOVEMBER 4, 2011« VOLUME 286+NUMBER 44

DISCUSSION

Catalytic Mechanism of PG—On the basis of the non-bonded
distances of atoms in the active site pocket of mature PG (sup-
plemental Table S1) and the structures of A47Q-1 and A47Q-2,
we can postulate the catalytic mechanism of PG. As shown in
Fig. 7A, nucleophilic Sy of Cys-156 approaches C8 of the amide
group of the substrate glutamine within 3 A distance from
above the plane of the carboxamide group as found in the struc-
ture of A47Q-1 (Fig. 5A and supplemental Table S2). Ne2 of
GIn-47 occupies the position of W1 (Fig. 6A4). Cys-156 Sy
attacks C& of the substrate, and they form a tetrahedral inter-
mediate as shown in Fig. 7B. The distances of C5-Oé1 and
C8-082 of Asp-217 in the mature PG structure are 1.28 and
1.24 A, respectively, indicating a deprotonated (negatively
charged) state of the side chain. The primary role of Asp-217
seems to be to activate the side chain of His-197 to a protonated
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FIGURE 7. Postulated catalytic mechanism of PG. GIn refers to the residue of a substrate protein. The details in each step are elaborated under

“Discussion.”

(positively charged) state. The proton at His-197 Né&1 can
attack the tetrahedral intermediate to release an ammonium
molecule and to form the S-acyl intermediate observed in
A47Q-2 (Fig. 7C). Following the release of the ammonium, W1
attacks the S-acyl intermediate (Fig. 7D) to form a glutamate
side chain, which is coupled by the regeneration of the positive
charge of His-197. The conformational change in the side chain
of A47Q, which flips to face its plane of the S-acyl group toward
W1 in A47Q-2 from that of the carboxamide group toward
Cys-156 Sty in A47Q-1, is important for this step (Fig. 6A)
because the reactivities of the carboxamide and S-acyl groups
against the nucleophile are controlled by their lowest unoccu-
pied molecular orbitals that are located on the carbon atom
perpendicular to the O=C-N and O=C-S planes, respectively.
The hydrolytic water found in the acyl-enzyme complex of por-
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cine pancreatic elastase is located almost in the same arrange-
ment of W1 in A47Q-2 (38). The final step is the cleavage of the
S-acyl bond to form a free glutamate side chain (Fig. 7, E and F).
The regained positive charge of His-197 accelerates the cleav-
age by stabilizing the carboxyl anion intermediate. The forma-
tion of the negatively charged glutamate side chain facilitates
the release of the product from the catalytic pocket by an unfa-
vorable interaction with the thiol anion of Cys-156 in the bot-
tom of the pocket and with the carboxyl anion of Asp-154 at the
entrance of the pocket.

As the GIn-47 side chain of A47Q mutants of pro-PG is fixed
and cannot be released from the catalytic pocket, the enzyme
reaction ceased on the way of the whole reaction. The lower pH
(pH 6.7) and the presence of ammonium ion in the crystalliza-
tion medium of A47Q-1 prevent the release of ammonium
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from Gln-47, keeping the enzyme-substrate complex prior to
nucleophilic attack (Fig. 7A). The lower pH decreases the
nucleophilicity of Cys-156 Sv. The side chain is fixed by three
hydrogen bonds (Ne2-Tyr-196 oxygen, 2.9 A; Oel-Cys-156
nitrogen, 3.1 A; and O€1-Gly-155 nitrogen, 3.3 A) except for
the interaction with Cys-156 Sv.

The S-acyl covalent intermediate of GIn-47 was attained
using the crystallization medium of A47Q-2 in the absence of
ammonium ion at higher pH (pH 8.6). This S-acyl intermediate
seems relatively stable. A similar but artificial thioether adduct
is also found in the complex of human TG2 with its peptide
inhibitor (31). The higher pH may also suppress the nucleophi-
licity of His-197 so that the activation of W1 (which attacks the
S-acyl intermediate) is lowered. It is interesting that the Biirgi-
Dunitz angles found in A47Q-1 (Cys-156 Sy—C=0, 92.9°) and
in A47Q-2 (W1-C=0, 90.1°) are slightly different from that
predicted to be optimal for nucleophilic attack of the carbonyl
compounds (105 = 5°) (39), suggesting that the trapped PG
intermediates have insufficient orbital overlap to form tetrahe-
dral intermediates.

Comparison with TG—The partial similarity between mature
PG and human TG2 is restricted only around the active center.
TG haslonger intervening loops or domains among the second-
ary structure components compared with PG. However, the
superposition of the catalytic Cys-His-Asp triads showed a
good agreement (Fig. 6B). In PG and factor XIII-like TG, it is
common that the catalytic Cys residue is located at the N ter-
minus of an a-helix, His on a -strand, and Asp on a loop. This
commonality is also found in papain-like cysteine proteases
without the folding analogy found in PG and TGs. Thus, PG is
evolutionally related to TG, probably as an ancestor of TG,
suggesting that the structure comparison of PG and TG pro-
vides information about their catalysis. As the structure of TG
complexed with an acyl acceptor such as lysine has not yet been
reported, it is worth mentioning that the position of W1 in the
A47Q-2 structure (Fig. 6B) should be the same as that of N{ of
the lysine residue occupied in the cross-link reaction catalyzed
by TG2.

Beside the triad, PG has Arg-159 as the holder of a water
molecule (W2). The primary role of Arg-159 seems to be to
decrease the pK, of Cys-156 Sy. In contrast to PG, factor XIII-
like TG does not have water molecules (W1 and W2) in the
vicinity of catalytic Cys Sy as judged from published Protein
Data Bank data. In factor XIII-like TG, phenylalanine is in the
position corresponding to Arg-197 in PG (Fig. 6B) with a wider
cleft around this residue. This difference may account for the
variation in enzyme reactions and implies that factor XIII-like
TG activity is inclined to cross-link rather than deamidation.

Conclusion—In this study, we have reported, for the first
time, the crystal structures of mature PG, pro-PG, and pro-PG
mutants with two different reaction intermediates (A47Q-1
and A47Q-2). A47Q-1 and A47Q-2 provide the first examples
of reaction intermediates (the enzyme-substrate complex and
S-acyl covalent intermediate, respectively) with a natural sub-
strate in PG and TG. On the basis of these structures, we could
postulate the catalytic mechanism of this enzyme.

The overall folding of mature PG has a partial homology to
factor XIII-like TG, especially its Cys-His-Asp catalytic triad.
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Comparison of the active site structures of PG and TG demon-
strates their similarities and differences in enzyme reactions.
Increased thermal or oxidative stabilities of this enzyme based
on the present structural information are needed for industrial
use of PG.
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